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ABSTRACT
We present new radio observations of the z = 0.029 radio galaxy NGC 6109, a member of the
3CRR sample. We find the radio morphology of the counter-jet to be highly distorted, showing
a unique ‘doughnut’ structure ∼6 kpc in diameter. The doughnut is overpressured compared
with the surrounding atmosphere as measured with Chandra. We investigate the polarisation
properties of the source and find evidence for an interaction between the doughnut and the
external environment. This may cause the extreme jet bend. Alternatively, while providing
no explanation for the rotation-measure and magnetic field structure seen in the doughnut, a
ballistic precession model may be feasible if the ballistic flow persists for a distance much
less than the full extent of the 100 kpc-scale jet. A light jet being deflected by gas flows and
winds just outside the transition between the galaxy and cluster atmospheres appears to be a
more plausible interpretation.
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– other keywords
1 INTRODUCTION
Curved radio structures and bent jet trajectories on kpc scales are
frequently observed extending away from AGN. In some cases
these bends appear helical in nature, with sinusoidal trajectories
and oscillating ridge lines (e.g. NGC 315, Worrall et al. 2007; 3C
273, Romero et al. 2000). Theoretical models for such oscillat-
ing, bent structures include helical modes in hydrodynamic (Hardee
1987; Birkinshaw 1991) or magnetised (Königl & Choudhuri 1985)
jets. The collision of a jet with a dense or magnetised medium is
also capable of producing strong deflections, as seen in NGC 7385
(Rawes et al. 2015). Alternatively, in both Galactic and extragalac-
tic jets, precession may be a viable mechanism for the production of
observed helical signatures (e.g. Linfield 1981; Gower et al. 1982).
Most mechanisms suggested for causing jet precession involve cre-
ating a misalignment between the accretion disk and the black hole,
either through a supermassive black hole binary system (e.g. 4C
73.18, Roos et al. 1993; OJ 287, Lehto & Valtonen 1996; Cygnus
A, Canalizo et al. 2003), or an offset in the angular momentum di-
rection between the accretion disk and the host galaxy.
The 3CRR radio sample (Laing et al. 1983) contains 35 low
redshift (z < 0.1) radio galaxies. How these galaxies interact with
the external environment has been studied in depth for the majority
of sources with the aim (among others) of investigating how ra-
dio sources are modified by the effect of the intergalactic medium
(IGM) and how the IGM is modified by the interaction. A few
sources, however, lacked adequate archival radio data for good
radio/X-ray comparison. Recent Karl G. Jansky Very Large Array
(VLA) observations of two head-tailed galaxies within this sam-
ple reveal strong distortions in the radio morphology, and magnetic
features in the jet bends. The results for NGC 7385 are given in
Rawes et al. (in prep). NGC 6109 is discussed here.
NGC 6109 is an FRI-type head-tail radio galaxy located in a
poor cluster with redshift z = 0.029 (Wegner et al. 1999). It was
mapped with the Westerbork Synthesis Radio Telescope (WSRT)
and the extended radio structure was reported by Ekers (1978). The
radio tail extends for a projected distance of 250 kpc to the NW, and
it was noted by Ekers (1978) that there may be a small component
SE of the core of NGC 6109. A high resolution map was published
in 1985 in a sample of 57 narrow angle tailed sources (O’Dea &
Owen 1985). The map showed a circular component SE of the core,
with no obvious counter-jet. O’Dea & Owen (1985) suggested that
this structure might be produced if the beams were ejected parallel
and antiparallel to the direction of motion of the galaxy, in a similar
way to NGC 7385 (Schilizzi & Ekers 1975). They proposed that
the counter-jet ejected in the direction of motion would interact
with the ICM in a manner more typical of double radio sources and
might form an edge-brightened lobe.
New VLA observations presented in this paper reveal that the
counter-jet exhibits a highly unusual loop. Such a morphology has
not been observed for any other low power radio galaxy. We dis-
cuss whether jet precession or gas-dynamical jet bending could pro-
duce this unique structure. We use our polarisation data to probe the
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magnetic field structure of this radio component and we investigate
the local X-ray environment with Chandra observations.
Throughout this paper we adopt the cosmological parameters
H0= 70 km s−1 Mpc−1, ΩΛ0 = 0.7, Ωm0 = 0.3. The redshift of
NGC 6109 corresponds to a luminosity distance of 123 Mpc and a
projected linear scale of 0.59 kpc arcsec−1.
2 VLA DATA CALIBRATION AND ANALYSIS
NGC 6109 was observed in S band (1.99 - 3.89 GHz) in August
2015 (project ID 15A-422) for 6000 seconds using the VLA in its
A configuration and can be seen in Figure 2. For all observations,
3C 286 served as the primary flux density and polarisation position
angle calibrator. The secondary calibrator 1635+3808 was used to
monitor instrumental and atmospheric amplitude and phase fluc-
tuations. The data were reduced using the Common Astronomy
Software Applications package (CASA). The calibration closely
followed the procedures set out in the CASA cookbook and ref-
erence manual. Data were ‘cleaned’ (Högbom 1974) using multi-
frequency synthesis to produce maps and all maps were self cal-
ibrated to maximise their dynamic range. Two Taylor terms were
used to model the frequency dependence of the sky emission and
spectral index maps were created from the ratio of the Taylor terms.
Stokes IQUV were imaged so that the polarisation of the source
could be investigated. We used the pyrmsynth software to carry out
rotation measure synthesis and create Faraday dispersion spectra
within the components. This technique, introduced by Burn (1966)
and extended by Brentjens & de Bruyn (2005), can overcome prob-
lems associated with the traditional linear φ/λ2 rotation measure
relationship. These problems include the npi ambiguity and rotation
measure (RM) contributions from multiple components along the
line of sight. pyrmsynth incorporates the RMCLEAN method de-
scribed by Heald et al. (2009) and uses FFTs for Fourier inversion.
The software takes cubes of Stokes Q and U images in frequency
channels, and outputs cubes of Stokes Q and U in planes of con-
stant RM. We averaged 50 channels (with width 2 MHz) per frame
and ‘cleaned’ the data to produce an image with 20 different fre-
quency samples, ranging from 2.05 GHz to 3.95 GHz at 100 MHz
intervals. RM synthesis was carried out with a weighting function
of 1/σ2rms and 500 clean iterations. This gives a maximum resolution
of 94.0 rad m−2 and a maximum observable scale of 544 rad m−2
in RM space.
3 Chandra OBSERVATIONS AND REDUCTION
We have used our earlier Chandra observations to measure the ex-
ternal pressures for comparison with those in the radio components.
NGC 6109 was positioned at the nominal aimpoint of the back-
illuminated S3 chip of the Chandra Advanced CCD Imaging Spec-
trometer (ACIS) in VFAINT full-frame data mode on 2003 Septem-
ber 9th (OBSID 3985) and observed for 20 ks. For the results here
we reduced the data using CIAO V4.9 with the CALDB V4.7.3 cal-
ibration database, following the latest procedures described in the
‘threads’ from the Chandra X-ray Center (CXC) 1. These proce-
dures apply the energy-dependent sub-pixel event repositioning al-
gorithm. We masked unrelated sources using output from the CIAO
WAVDETECT task.
As originally discovered by Feretti et al. (1995) using ROSAT
1 http://cxc.harvard.edu/ciao
data, the X-ray environment is complex, with NGC 6109 embedded
in a relatively poor cluster environment. With the improved point
spread function (PSF) of Chandra the emission from NGC 6109 it-
self is separable into an AGN component and galaxy atmosphere
(Evans et al. 2005; Sun et al. 2007). Because cluster emission cov-
ers the S3 chip we used the blank-sky fields to sample background
for spatial analysis, filtering the source data for times of flaring
using the same criteria as applied to the background fields, and
re-normalizing to match rates at 9.5–12 keV where the particle
component of the background dominates. This cleaning shows the
Chandra data for NGC 6109 to have been subject to more back-
ground flaring than is usual, resulting in just 10.5 ks of data ac-
ceptable for use with the blank-sky data. We are able to use lo-
cal (cluster) background for fitting spectral models to the galaxy-
scale gas, and here we have relaxed the flare screening criteria to
3σ clipping, giving access to 19.0 ks of data. All spectral fitting
fixes absorption from gas along the line of sight in our Galaxy with
NH = 1.47× 1020 cm−2.
4 RESULTS
4.1 Large scale radio morphology
The large-scale radio emission associated with NGC 6109 is dis-
played in Figure 1 using archival VLA data at 1.67 GHz. It shows a
tail extending to the NW for a projected distance of 250 kpc. On the
large scale the emission looks similar to the head-tail source NGC
7385, except that there is no visible bifurcation of the tail (Rawes
et al. 2015). A discrete background source at RA = 16h 17m 20s,
Dec = 35◦ 09′ is superimposed on the tail itself, and a weaker back-
ground source lies at the end of the tail. Emission along the tail re-
mains bright for about 50 kpc, beyond which it rapidly drops off.
The emission remains largely collimated to the N out to 100 kpc,
and beyond this point the tail bends to the W and then to the N. The
total flux density for this source is 1.87 Jy at 1.67 GHz. A radio
source associated with NGC 6107 is visible SW of the core at RA
= 16h 17m 20s, Dec = 34◦ 54′.
4.2 Small Scale Structure
The intensity distribution of NGC 6109 at 2.99 GHz is shown in
Figure 2 and morphological parameters determined from our obser-
vations are given in Table 1. NW of the core the jet is collimated in
the direction of the tail. The jet remains bright for 5′′ before fading.
The opening angle of the jet appears to increase within the fainter
region. The jet brightens again approximately 12′′ from the core,
and remains bright for a further 12′′. Within this high-emissivity
region the emission bends to the N and then to the W and bright
non-axisymmetric substructures are observed.
A faint counter-jet is visible SE of the core. This extends 5′′
before entering a tight swirl of bright radio emission. This swirl has
a radius of 5′′, and the emission at the centre of the component is
noticeably fainter, giving it a doughnut-like appearance. The high-
est surface brightness is detected along the SE of the component,
and there is broader low-surface brightness radio emission to the
NE. The flux density enclosed within the swirl region is 21.0 mJy
at 2.99 GHz.
The core is found to have a spectral index, α, defined in the
sense Sν ∝ ν−α, of α = 0.05 ± 0.01 and the spectral index of the
main jet is α = 0.52± 0.02 along the first 6′′. Further from the core
the emission is too faint to give good results. In the swirl structure
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Figure 1. Radio image from the archival BT 7 project at 1.66 GHz and 44
arcsec resolution showing the extended radio structure of NGC 6109. The
tail extends to the NW for a projected distance of 250 kpc.
Core flux density (mJy, 2.99 GHz) 38.9 ± 0.04
Core spectral index α 0.05 ± 0.01
Core rotation measure (rad m−2) 24 ± 1
Core - SE component projected distance (arcsec) 5.3
SE component size (arcsec) 5.3 × 5.6
SE component flux density (mJy, 2.99 GHz) 21.0 ± 0.5
SE component spectral index α 0.53 ± 0.02
NW tail projected length (arcsec) 43
NW jet projected length (arcsec) 5.9
NW jet flux (mJy, 2.99 GHz) 16.3 ± 0.4
NW jet spectral index 0.52 ± 0.02
NW jet rotation measure (rad m−2) 32 ± 2
Core - NW knot projected distance (arcsec) 12
NW knot projected length (arcsec) 13
NW knot flux (mJy, 2.99 GHz) 24.7 ± 0.4
Table 1. Morphological parameters of NGC 6109 from the VLA observa-
tions. The spectral index α is defined as S ∝ ν−α.
the spectral index is 0.52± 0.02 in agreement with the main jet and
there is little structure in the spectral index across the component.
These values agree with the results of Ekers (1978), who found the
inner jet to have α = 0.5. Ekers also reported α = 1 along the tail out
to 50 kpc and more pronounced steepening of the spectral index at
higher frequencies, suggesting the existence of a break in the radio
spectrum.
4.3 Polarisation and Rotation Measure Structure
The distribution of polarised radio emission in NGC 6109 is re-
ported by Fanti et al. (1981) out to 100 kpc. At 1.4 GHz, they find
that the polarisation increases along the jet, from 6% in the first few
bright regions, up to 20% in the extended tail. They also report sig-
nificant depolarisation between 5 GHz and 1.4 GHz in the ‘blob’
regions, approximately 20, 50, 60 and 100 kpc away from the core.
Our VLA data reveal the polarisation structure of the inner ∼
20 kpc at high resolution and probe the magnetic field configura-
tion. We used Stokes I, Q and U images at 0.8 arcsec resolution
to derive the distributions of degree of polarisation and polarisa-
tion position angle at 2.99 GHz. The degree of polarisation was
corrected to first order for Ricean bias (Wardle & Kronberg 1974).
A fractional polarisation map is given in Figure 3. To min-
imise errors in measurements of P caused by residual sidelobes in
the total intensity data, all pixels with errors> 0.01 in fractional po-
larisation are blanked. The peak fractional polarisation in the image
is 51%, similar to the peak values found in other radio sources (Bri-
dle & Perley 1984) and comparable to the theoretical maximum for
a source with a uniform magnetic field (Pacholczyk 1970). In the
core, the polarisation is P = 0.11 ± 0.02. Along the bright part of
the main jet P = 0.15 ± 0.02. In the doughnut component, the SW
and NE sides have fractional polarisation P = 0.31± 0.03, whereas
the SE and NW sides display lower polarisation P = 0.09 ± 0.02.
The doughnut shows an increased fractional polarisation around its
edge, as found in radio source lobes (e.g. Laing 1996).
Rotation measure synthesis was used to investigate the dough-
nut component and the main jet. The rotation measure spread func-
tion (RMSF) is given in Figure 4. The fitted FWHM of the clean
beam is 94 rad m−2. In the core, the RM is found to be 24 ± 1 rad
m−2 in agreement with Taylor et al. (2009). Along the main jet,
the rotation measure is constant, at 32± 2 rad m−2 for 5′′. Beyond
this region the RM is unavailable due to low signal to noise, until
the bright knot at 12′′ from the core. Within the knot, the rotation
measure is 40 ± 8 rad m−2.
Figure 3 shows the RM synthesis peak values in the doughnut
component with 2.99 GHz VLA total intensity contours. The re-
gions of high RM in the doughnut appear to correspond to regions
of high radio flux density and we find no significant polarised struc-
ture below 0 rad m−2. Faraday dispersion spectra in the core and in
the highest flux region of the doughnut are given in Figure 4. The
sidelobes on these spectra are low, and the observed peaks are in
good agreement with values obtained by traditional φ/λ2 fitting.
Regions of high RM in the doughnut are correlated with re-
gions of low fractional polarisation. It is probable that the emission
has been depolarised by fine structure in the Faraday screen re-
sponsible for the RM, or in the doughnut itself. These mechanisms
could be distinguished by future investigations of the RM and emis-
sion structure on sub-beam scales, with lower frequency LOFAR
observations or higher-frequency VLA mapping. Higher fractional
polarisation is detected in the NE-SW direction where the RM is
similar to the main jet, at 32 rad m−2. The RM along the main jet
has a uniform structure, suggesting that this RM is associated with
a foreground screen outside the galaxy atmosphere. The RM in the
doughnut shows as a stripe (along an extension of the counter-jet)
and a ‘cap’ at the SE edge of the doughnut, suggesting the fore-
ground screen on this side is created by the jet (and counter-jet)
itself.
Using the calculated RM values, we produced maps of the ap-
parent intrinsic magnetic field direction. These maps are given in
Figure 5 for the brightest part of the main jet and the doughnut
component, with 2.99 GHz VLA total intensity contours. In the
core and main jet, the magnetic field is as expected for a low power
FRI type jet; the vectors rotate from parallel to the jet direction to
perpendicular further out. In the doughnut component however, the
magnetic field shows a combination of circumferential and trans-
verse components. In the bright southern region, the field is cir-
cumferential, as could be produced by shearing of the field into a
direction tangential to the source boundary. Such structure is com-
monly observed in other sources where jet bending is evident as
well as in radio lobes. At the centre of the component the field
MNRAS 000, 000–000 (0000)
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Figure 2. VLA S-band radio image of NGC 6109 at 0.8 arcsec resolution at 2.99 GHz. The main jet extends to the NW, and a bright knot is located
approximately 12′′ from the core. 4′′ SE of the core, a tight swirl of radio emission is seen. This approximately circular component has a radius of 5′′ and
diffuse emission is observed to the NE. The colour bar shows the intensity scale in units of Jy beam−1.
appears transverse to the direction of the main jet. Magnetic field
to the NE, where diffuse emission is thought to arise from the jet
expanding into the environment is mostly transverse, although lon-
gitudinal emission is seen on the E side, possibly at the boundary
between the radio plasma and the external medium.
5 X-RAY RESULTS
From ROSAT it was known that cluster X-ray gas encompasses the
two brightest cluster galaxies NGC 6109 and NGC 6107, with an
envelope of major axis in a roughly NE-SW direction (Feretti et al.
1995). The cluster emission sampled with ROSAT spatially fills the
S3 chip of Chandra. It sits on top of a background, which is mea-
sured for radial-profile analysis as described in Section 3. The com-
bined cluster and background emission shows as sparse counts in
the overall image and so cannot meaningfully be subtracted for im-
age display. On the smaller scale an image showing the NGC 6109
galaxy emission (with cluster and background emission included)
is given in Figure 6. The galaxy atmosphere of NGC 6109 has a
similar orientation to the cluster gas, with its long axis orthogo-
nal to the general lie of the radio features, as found in a significant
fraction of nearby radio galaxies (Duffy et al. 2018, in prepara-
tion). While there may be a few excess counts associated with syn-
chrotron radiation from the NW radio jet within about 3 arcsec of
the core, it is clear from Figure 6 that no obvious X-ray features
are associated with the counter-jet. In this work we use a spher-
ical approximation to describe the gas distribution as this allows
straightforward estimates of pressure, and because the extent of the
emission along the line of sight is uncertain.
Figure 7 shows the radial profile. The number of counts in the
resolved galaxy emission within 10 arcsec of the galaxy nucleus is
roughly twice that in the AGN. Guided by the radial profile, we ex-
tracted counts from a core-centred annulus of radii 1.3 and 10 arc-
sec to sample the galaxy spectrum, with background from a core-
centred annulus of radii 20 and 70 arcsec, and we fitted the result to
a thermal (APEC) model. Similar results for the temperature were
found by fitting all the emission in a circle of radius 10 arcsec to
the combination of a power law and thermal emission. Abundances
were poorly constrained but showed a preference for low values
and were subsequently fixed at 20 per cent of Solar. Our fit gives
kT = 0.76+0.10−0.12 keV (90% uncertainties). This is consistent within
uncertainties with the temperature found by Evans et al. (2005) who
made the first attempt to separate AGN and gas emission using the
Chandra data. The gas temperature associated with the galaxy is
significantly lower than the temperature deduced by Feretti et al.
(1995) who fitted an optically thin plasma model to the cluster gas
detected by the ROSAT satellite and found kT = 2.4±1.2 keV.
This is likely due to a combination of spectral considerations, the
choice of regions adopted to measure the gas properties and a larger
uncertainty for kT as measured by ROSAT.
We measure parameters of the gas including density and pres-
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Figure 3. Top: The fractional polarisation (beam in bottom left) and bottom:
the RM structure in the doughnut component and along the main jet. Both
images are shown with VLA total intensity contours at 0.16, 0.32, 0.48 and
0.64 mJy beam−1.
sure as a function of radius using the spatial and spectral results and
methodology presented in Birkinshaw & Worrall (1993) and Wor-
rall & Birkinshaw (2006). We find a total bolometric luminosity for
the galaxy component of (1.4+0.3−0.2) × 1041 ergs s−1, in excellent
agreement with Sun et al. (2007).
6 DISCUSSION
NGC 6109 was originally classified as a ‘head-tail’ type galaxy by
Colla et al. (1975), based on radio observations from WSRT at 50
cm. O’Dea & Owen (1985) re-classified it as a narrow angle tailed
(NAT) source. NAT morphology is attributed predominantly to the
interaction of radio emission ejecta by a moving galaxy with the
intracluster medium (e.g. Jones & Owen 1979; Christiansen et al.
1981). The bending of the radio jets in NAT’s provides important
constraints on the physical conditions within the jets and the imme-
diate environment in the galaxy and intracluster medium.
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Figure 4. Top: The RMSF for the RM synthesis code as applied to NGC
6109 for frequency range 2.05 GHz to 3.95 GHz with 100 MHz intervals.
The Faraday dispersion distribution in the core and southern region of the
doughnut component of NGC 6109 are given in the middle and lower fig-
ures, respectively.
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Figure 5. The apparent magnetic field direction in the (left) core and along the first 5 kpc of the main jet and (right:) in the doughnut component. Both images
are shown with VLA total intensity contours at 0.16, 0.32, 0.48 and 0.64 mJy beam−1.
3 arcsec
Figure 6. Exposure-corrected 0.4-5 keV Chandra image in 0.0984-arcsec
pixels adaptively smoothed with a circular top hat filter of 20 counts. The
radio contours are of a combined A- and B-array 4.86-GHz VLA map from
programme AH766. The beam size is 0.46 x 0.43 arcsec and the contours
are in increasing factors of two from 0.15 mJy/beam,
A faint radio counter-jet is visible in Figure 2, SE of the core.
The expression
R =
(
1 + β cos θ
1− β cos θ
)2+α
(1)
gives R, the ratio of the brightness between the jet and the counter-
jet where α is the spectral index, β is the bulk speed relative to the
speed of light and θ is the angle between the line of sight and the jet
for relativistic outflows. This expression follows the assumptions
described in detail by Laing & Bridle (2013) for modelling intrinsi-
cally symmetrical, axisymmetric, decelerating relativistic outflows.
At 1.8′′ from the core, we find α = 0.52 ± 0.02 and R = 17.0 ±
0.3, constraining β cos θ to 0.51 ± 0.02. This implies cos θ > 0.5,
thus θ < 60◦. The expressionD = (1 + β cos θ) / (1 - β cos θ) gives
the corresponding Doppler distance ratio,D and we findD = 3.1±
Figure 7. Background-subtracted exposure-corrected 0.4-5 keV radial pro-
file. The broadest model component describes the cluster gas. The narrowest
component is the PSF, representing the AGN core, and the final component
is a β-model (density ∝ (1 + (θ2/θ2c ))−3β/2) convolved with the PSF,
representing the galaxy-scale gas. The galaxy component is best fitted with
parameters β = 0.8, θc = 2.8 arcsec (χ2/dof = 9.4/15).
0.2. The SE component at a projected distance of 4′′ from the core,
if moving with the same bulk speed as the jet, would be associated
with a two-sided ejection event that would produce a matching fea-
ture 12.4′′ along the main jet. Looking at Figure 2, the bright knot
along the main jet lies 12′′ from the core, suggesting that the flaring
MNRAS 000, 000–000 (0000)
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region could be an outflow feature emitted at the same time as the
SE component, in the opposite direction.
We calculated the equipartition energy density using the syn-
chrotron code of Hardcastle et al. (1998). We assumed equipartition
between the electrons and the magnetic field and negligible rela-
tivistic beaming. An electron spectrum with γmin = 10 was used,
where γ is the Lorentz factor of the electrons (γ = E/mec2). For
the doughnut region with radius 5′′ and an estimated length along
the line of sight of 3′′, the equipartition energy density is Ueq =
9.1 × 10−12 J m−3. The NW knot on the main jet side was mod-
elled with a length 20′′ and radius 1′′, to include the full extent of
the flaring region as indicated by Figure 2. This gives Ueq = 9.5
× 10−12 J m−3. The similarity of these energy densities supports
the idea that the knot is the counterpart of the doughnut, ejected in
the opposite direction. Relativistic effects on the energy density are
considered to be minimal for β = 0.5. The magnetic field strength
in the SW component is calculated as Bmin = 3.2 nT and the min-
imum pressure Pmin = 3.0 × 10−12 J m−3. The external pressure
in X-ray emitting gas measured from the galaxy component of Fig-
ure 7 at 10′′ from the core is found to be P = 1.4+0.5−0.5 × 10−12
J m−3 (90% uncertainty). The galaxy gas density is calculated as
n = 5.1+1.0−1.6 × 10−3 cm−3. 10′′ is the central projected angle for
the location of the doughnut. For θ < 60◦ the doughnut will lie
further out in the atmosphere where the external pressure will be
lower.
While we estimate that the inner radio jet and doughnut may
be a factor ≥ 3 over-pressured, pressure equilibrium between am-
bient gas and the radio emission in the main jet overall is reported
by Feretti et al. (1995). However they find that further along the
tail, about 100 kpc from the core, there is a larger apparent imbal-
ance towards the external pressure dominating. This is consistent
with the findings of Killeen et al. (1988) and Feretti et al. (1992).
They argue that it is likely that assumptions used for the calculation
of equipartition parameters cause the appearance of imbalance and
that the entire tail is confined by the intergalactic medium. They
suggest that the energy ratio between relativistic protons and elec-
trons may be between 20-60, rather than unity, or that there may
be a population of electrons that would radiate below the low fre-
quency limit of the observable spectrum. If this is true in the dough-
nut and inner jet then these radio components will be highly over-
pressured.
The unique shape and extreme distortion of the radio emis-
sion require an interpretation that can account for the morphology,
polarisation structure and rotation measure presented in the previ-
ous sections. Helical motion within jets on a parsec and kpc scale
has been modelled in both magnetohydrodynamic and force-free
jet models (De Villiers et al. 2005; McKinney 2006; McKinney
& Blandford 2009) and these models have sufficient resolution to
compare structure with features observed in AGN jets (e.g. Hardee
et al. 2001, Hughes et al. 2002). Hardee (2003) note that the polar-
isation in helically modelled jets is typically well below the maxi-
mum value of 70% for synchrotron radiation. They attribute this to
the magnetic field in jets beyond the acceleration region not being
well organised. In NGC 6109 we also see polarisation of∼ 20% in
the jets, which follows this pattern.
6.1 Signatures of helical jets
Observational signatures of helical jets have been found in X-ray
binaries (e.g. Hjellming & Rupen 1995), planetary nebulae (e.g.
López et al. 1993) and the jets of AGN. The term ‘helical jet’ can
be used to describe at least three different morphological jet struc-
tures and these are detailed by Steffen (1997). Firstly, ballistic he-
lical jets describe jets in which the individual jet fluid elements
flow along straight lines but the overall structure is helical due to
the periodic change in the ejection direction of the elements. These
jets are described as precessing. Secondly, helically bent jets have
fluid elements that flow along a common twisted path, delineated
by the curved jet axis. Jets can be bent by several mechanisms,
such as transverse winds, collisions with gas clouds, density gradi-
ents or a dense ambient medium (e.g. Ludke 1994. Finally, jets with
an internal helical structure are straight as a whole, but have fluid
flowing along helical trajectories within the jet. Helical trajectories
can also be caused by Kelvin-Helmholtz instabilities (e.g. Hardee
1987; Hardee & Clarke 1992; Conway & Murphy 1993 and hydro-
dynamical (e.g. Zhao et al. 1992; Hardee et al. 1994) simulations
have been carried out to investigate how this can disrupt the path
of a jet. Koide et al. (1996) and Nishikawa et al. (1999) pioneered
magnetohydrodynamic studies of how a strong, ordered magnetic
field can affect jet propagation. Koide et al. (1996) found that the
bending scale depended on both jet velocity and jet magnetic field
angle. Slower jets with an angle between the jet and magnetic field
of 45◦ were bent the most.
An important property of helical jet structures is that the ob-
served properties are not always symmetric with respect to the axis
of the helix. The proper motion and magnetic field vectors on one
side of the helix will point in a direction closer to the line of sight
than those on the opposite side. This means that quantities such
as the flux, optical depth, polarisation and rotation measure can be
asymmetric, especially if the speed of the jet is relativistic.
There is no evidence in the local environment of NGC 6109
for collisions with gas clouds or for significant density enhance-
ments in the galaxy or cluster X-ray emitting atmospheres that
relate to structures in the radio source. The existence of a high
RM along the southern edge of the doughnut component, how-
ever, suggests the presence of magnetised plasma interacting with
or wrapped around the radio object. This magnetised plasma could
be the remnants of a radio trail from a galaxy that has passed close
to NGC 6109. The brighter radio surface brightness in this region
could suggest shock compression, where the radio emission has
encountered magnetised gas and been compressed, resulting in jet
deflection. Although a viable possibility, this hypothesis doesn’t ex-
plain the size of the jet bend, > 180◦. In the following sections we
discuss both precessing and helically bent jet models.
6.2 Ballistic model
A ballistic model of a helical jet, based on jet precession, can ex-
plain the doughnut-like feature if the angle to the line of sight is
small. The component can then be interpreted as a helical outflow,
viewed almost end on so that the emission appears approximately
circular. This scenario however, offers no clear explanation of the
high regions of rotation measure detected in the south of the com-
ponent.
Steenbrugge & Blundell (2008) use a ballistic model to inter-
pret the radio emission in Cygnus A. They find that the radio knots
that delineate the jet and deviate from a straight line can be satis-
factorily fitted with the precession model of Hjellming & Rupen
(1995). In this model, symmetric jets are launched along an axis
which traces a cone throughout a precession period P , of opening
angle φ and inclined to our line of sight at angle θ. We used a sim-
ilar ballistic model to see whether we could replicate the shape of
the observed structure of NGC 6109. We adopted a jet speed of β =
0.5, based on the jet/counter-jet ratio calculations with θ taken to be
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Figure 8. A ballistic simulation shows the shape of precessing jets for β =
0.5, θ = 20◦ and other parameters described in the text. The intensity con-
trast is not modelled, and the blue trajectory is directed towards the observer
and the red trajectory is directed away. In this representation, NS orientation
is arbitrary.
small, to reproduce the doughnut feature. Figure 8 gives a simula-
tion which is able to produce a doughnut-like component, however
a looped jet is also ejected on the opposite side of the core. Here φ
= 10◦ and θ = 20◦. The jet half opening angle is 2◦. The model has
a jet precession period of Tj = 1.8 × 104 years and reproduces the
observed structure reasonably well except for a looping structure in
the approaching jet (blue) that is not seen in the data. This blue loop
must be disrupted in some way to become non-ballistic at a certain
distance from the core, whilst the red loop is unaffected. This could
be due to the transition from the galaxy to cluster external atmo-
sphere at ∼ 10′′, however this would require an angle to the line of
sight θ > 35◦ in order to keep the red loop within the region where
the galaxy atmosphere dominates.
This ballistic model doesn’t include effects such as decelera-
tion of the jet as it propagates beyond a few kpc, and should there-
fore only be used as a guide to whether such loops can be produced
ballistically. Precession models by Gower et al. (1982) highlight
how the beam velocity can cause significant geometry changes in
twin relativistic jets. In addition, Gower et al. (1982) show that at
lower values of β the swirls can be tighter but the two-sided struc-
tures are more symmetric, in contradiction to what is observed for
NGC 6109.
6.3 Possible causes for precession
Is it not clear why the jet launch direction would be precessing. A
few mechanisms that have been suggested are described below.
Evidence for central engines of AGN formed by massive bi-
nary systems includes double nuclei (NGC 4486B, Lauer et al.
1996), wiggly jets (e.g. Kaastra & Roos 1992) and periodic opti-
cal light curves (OJ 287, Villata et al. 1998). Radio structure as-
sociated with the AGN, built up over many precession periods,
will be aligned with the orbital angular momentum. On the sub-
kpc scales observed by the VLA however, precession related cur-
vature could be discernable. In this mechanism, the spin axes will
undergo geodetic precession about the total angular momentum.
For the more massive black hole the precession period Pprec in years
is given by Begelman et al. (1980) as
Pprec = 600r
5/2
16
(
M8
m8
)
M8 (2)
where r16 is the distance in units of 1016 cm and M8 and m8 are
the masses of the larger and smaller black holes in units of 108 M.
Using the jet precession period of 1.8× 104 years, as adopted
for Figure 8, a black hole mass M8 = 1 and binary mass ratio of
10 gives an orbital radius of order 5 pc. This corresponds to a wide
binary system, where the precession time scale should be compa-
rable with the inferred lifetime of extended radio components. The
orbital time period for the binary system is given by
Porb = 1.6r
3/2
16 M
−1/2
8 yr (3)
assuming Keplerian motion. For r = 5 pc this gives Porb = 600 yrs.
Evidence for a binary system could be provided from the detec-
tion of double or displaced emission lines or by looking for proper
motion of the AGN (∼ 1 µas yr−1) with multi-epoch VLBI.
The Lense-Thirring effect can also cause jet precession. This
effect is the frame dragging produced by a rotating compact body
and causes precession of a particle’s motion if its orbital plane is
inclined to the equatorial plane of the rotating object (Lense &
Thirring 1918). The precession angular velocity ΩLT is given by
(e.g. Wilkins 1972)
ΩLT (R) =
2G
c2
J
R3
(4)
where J = aGM2/c is the black hole angular momentum and a
is the black hole spin parameter. For a precession period Tprec = 1.8
× 104 years, a black hole mass in the range 1 ≤ M8 ≤ 100 and a
spin parameter a = 0.1 - 0.9, the orbital radius R is constrained to
1 ≤ R ≤ 40 parsec.
The combined action of the Lense-Thirring effect and the in-
ternal viscosity of the accretion disk forces alignment between the
angular momenta of the black hole and the accretion disk (Bardeen
& Petterson 1975). This effect only concerns the innermost part
of the disk due to the short range of the Lense-Thirring effect,
while the outer part of the disk remains in its original configuration.
Scheuer & Feiler (1996) showed that the disk alignment and pre-
cession time scales are identical. This mechanism has been invoked
in cases of NGC 1097 (Caproni et al. 2004), NGC 1068 (Caproni
et al. 2006) and NGC 4258 (Caproni et al. 2007). The Bardeen Pet-
terson transition radius between the spin-aligned and outer parts of
a thin disk, based on the hydrodynamic simulations of Nelson &
Papaloizou (2000), can be expressed as
RBP = Aa
2/3Rg (5)
where the scaling parameter A is a function of the viscosity of the
radial accretion flow (Shakura & Sunyaev 1973) and the aspect ra-
tio of the disk, with 10 ≤ A ≤ 300. This suggests RBP > 1 pc for
the NGC 6109 system.
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Based on the Sarazin et al. (1980) model of disk-driven preces-
sion for SS 433, it was suggested by Lu (1990) that a tilted accre-
tion disk can also produce jet precession. Petterson (1977) showed
that if an accretion disk is optically thick, radiation pressure can
produce nonaxisymmetric torques that will change the initial con-
figuration of the disk. The influence of magnetic fields on accretion
disks has also been investigated (e.g. Lipunov 1980; Terquem &
Papaloizou 2000; Lai 2003; Pfeiffer & Lai 2004).
These binary and single AGN precession models however are
unable to account for the observed magnetic field and rotation mea-
sure structure in NGC 6109. In the precessing system SS 433, the
magnetic field is found to track the helical trajectory of the jet on
a parsec scale (Hjellming & Johnston 1981, Stirling et al. 2004). If
this magnetic field structure remains stable out to kpc scales during
jet precession, then we would expect to see a circumferential field
within the doughnut component. Although such a field is observed
to the south of the component, the majority of the field structure in
the component is radial. SS 433 also shows evidence for high frac-
tional polarisation at the leading edges of the helices (Roberts et al.
2008) produced as the jet material flows into an ambient medium
containing a tangled magnetic field. The resulting compression or-
ders the field in two dimensions (Bridle & Perley 1984). NGC 6109
is not significantly polarised at the edges of the doughnut, high-
lighting the lack of large scale ordering of the magnetic field in
this region. The presence of a non-uniform rotation measure across
the component supports the hypothesis that some external magnetic
material may be contributing to, or causing the large jet bending.
The orientation of the band of high RM (i.e. anti-parallel to the
main jet) however, suggests that it is produced by the counter-jet.
Since the doughnut is the more distant structure, the counter-jet is
superimposed on top of it.
6.4 Jet deflection models
A significant number of radio galaxies have been reported to dis-
play jet bending on kpc scales. Parallels between NGC 6109 and
NGC 7385 can be drawn, as both have been categorised as low red-
shift ‘head-tail’ galaxies by the 3CRR survey (Laing et al. 1983)
and exhibit ≥180◦ jet deflections. A swirl-like feature has also
been observed for the FRI-type radio galaxy NGC 7016 (Cameron
1988; Worrall & Birkinshaw 2014), though this lies substantially
further from the host galaxy. In the case of NGC 7385 our Hubble
Space Telescope (HST) data revealed a large optical cloud in the
path of the counter-jet, and the interaction between the jet and the
cloud is believed to cause the strong jet bending (Rawes et al, in
prep). Unfortunately NGC 6109 has not been observed with HST,
however infrared and optical observations from Spitzer, CFHT and
KPNO show no similar deflector in the vicinity of the counter-jet
component. Therefore although both objects exhibit significant jet
bending, different interaction types are required to explain the de-
flections. Less extreme jet bending has been observed in other FR
I-type galaxies (e.g. 3C 66B, Hardcastle et al. 1996; 3C 321, Evans
et al. 2008), and it is possible that the mechanisms which produce
these deflections could also apply to NGC 6109. Various proposals
for bending jets include buoyancy or ram pressure in a dense ICM
(Miley et al. 1972) and orbital motion (Blandford & Icke 1978;
Roos et al. 1993).
Eilek et al. (1984), studying the wide-angle tail source 3C 465,
modelled the C-symmetric source in several bending scenarios.
Since the jets within the host galaxy are straight, all models ascribe
the effect to the ICM. They conclude that the most likely model
is bending due to the large-scale velocity of magnetised plasma in
the ICM. NGC 6109 belongs to a small concentration of galaxies at
one edge of the cluster Zw 1611+3717 (Ulrich 1978), which itself
lies in a supercluster extending over 60 Mpc. If large scale velocity
structures from the ICM were responsible for the jet bends (and not
accurately aligned with the jet direction), then the main jet would
also be significantly bent once it reached beyond the galaxy’s ISM
(a few kpc), and this is not observed.
A high fractional polarisation and well ordered magnetic field
are often observed in bent jets and indicate shearing or compres-
sion of the radio source as it propagates through the intercluster
medium. Miley et al. (1975) attribute the curved path of the radio
trail in NGC 1265 to the orbit of the galaxy through the cluster and
differential motions of the cluster medium. They report fractional
polarisation as high as 60% and well ordered magnetic field vec-
tors along the radio emission. This is not the case for NGC 6109
since the fractional polarisation reaches 30% at most and is usually
around 10%.
The effect of galactic ram pressure and pressure gradients on
jet deflection have been investigated (e.g. Jones & Owen 1979;
Begelman et al. 1979; De Young 1991) in terms of the bending
equation:
ρjv
2
j
Rbend
=
ρatmv
2
g
Rp
(6)
where ρj and vj are the density and velocity of the jet, Rbend is the
radius of curvature of the jet deflection, ρatm is the density of the
atmosphere and vg is the velocity of the parent galaxy. Rp is the
scale over which the ram pressure acting on the beam changes, and
we set this equal to the width of the jet (i.e. Rp ∼ 1 kpc). Adopting
natm = 5 ×10−3 cm−3 (see section 6.1), vg = 600 km s−1 (Ulrich
1978), vj = 1.5 × 108 m s−1 and Rbend = 3 kpc gives a jet density
contrast ρj/ρatm ≈ 2 × 10−5. Therefore a hydrodynamical model
is consistent with the tight bending if the jet is very light.
The rotation measure in the south of the doughnut component
is suggestive of some external magnetic medium being responsible
for, or contributing to the large scale bending seen in NGC 6109.
Although the precession model can replicate the observed struc-
ture, it cannot explain complex RM structure only in the doughnut
region. Instead we attribute the structure to an interaction between
the radio plasma and some unknown magnetic density enhance-
ment in the intergalactic medium. Evidence for the external mag-
netic gas is seen in the rotation measure and fractional polarisation
maps, where the emission has been depolarised by the presence of
structured Faraday rotating material. Figure 3 shows alignment be-
tween the RM and the jet direction and a ‘cap’ at the SE edge. It
is possible that the counter-jet has lifted magnetised material and
deposited it along its length and at the point where it turns, perhaps
in a similar way to the cold gas uplifted in M 87 (Churazov et al.
2001). This could explain the high RM at the SE edge of the dough-
nut (the ‘cap’), however the RM along the main jet does not show a
similar structure. If the main jet and the counter-jet both lift a simi-
lar amount of material the densities on the two sides will differ due
to the Doppler factor of the lifted material, as RMjet = 1δ RMcounter-jet
(excluding RM due to the Galactic foreground). Our results how-
ever require a Doppler factor δ ≥ 7 to produce the observed RM
structure, assuming RMgalactic ∼ 20 rad m−2. Such a high Doppler
factor would be unexpected.
Under an interaction model, as the counter-jet turns at the col-
lision site, compression of the jet leads to the formation of shocks,
which can cause the brightening of the radio emission. South of
the doughnut the magnetic field is circumferential, and appears to
MNRAS 000, 000–000 (0000)
10 Josie Rawes, Mark Birkinshaw, Diana M Worrall
track the bending of the radio jet. The radio jet continues to deflect
around a helical path, and high flux is seen to the NW of the struc-
ture, as a result of possible superposition of the jet with itself. The
jet is then observed as diffuse emission to the NE. Here the mag-
netic field is radial as the jet spreads out into the external medium.
Along the E edge of the diffuse emission, the magnetic field is lon-
gitudinal, possibly tracking the edge of the flow. The radial field
lines observed through the centre of the doughnut could possibly
be the result of compression due to the action of the external mag-
netic field.
The external gas density of ne = 5 × 10−3 cm−3 at 10 arcsec
from the core determined from the X-ray analysis can be used to
provide an estimate for the magnetic field strength causing the high
RM. The line of sight magnetic field B‖ is calculated using the
equation
RM = 812
∫
neB‖dl (7)
where the rotation measure is measured in rad m−2, ne is the elec-
tron density, in cm−3,B‖ is the line of sight magnetic field, in mG,
and dl is an element of the path length, in parsec. For RM = 200
rad m−2, and ne = 5 × 10−3 cm−3 and assuming a path length
of approximately 1 kpc, B‖ = 50 µG, or 5 nT. This magnetic field
strength is of the same order as that observed in the lobes of AGN
and the value of Beq calculated in section 6. This lends support to
the idea that the magnetic plasma could be remnants from a radio
galaxy that passed close to NGC 6109, leaving behind a magne-
tised trail. This plasma would have to be well mixed with the IGM
to produce RM. One difficulty this model faces is why an interac-
tion with magnetised gas would cause the jet to continuously bend,
rather than deflect and then continue on a linear path. A 180◦ jet re-
versal is observed in NGC 7385, but NGC 6109 requires a further
push to complete the observed loop. A high residual vorticity in
the trail could explain this; this trail would not be observed by the
VLA, but could possibly be found by a low-frequency, high resolu-
tion map of the field by (e.g.) LOFAR. In addition, higher resolu-
tion (e.g. X-band VLA) observations would enable us to investigate
substructure in the loop. If a gas-driven deflection is responsible,
we would expect to see substructure transverse to the circumfer-
ence of the doughnut, showing the effect of the environment on the
flow (possibly with a large gradient in polarisation fraction from
the inside to the outside of the doughnut). Far weaker radial effects
would be expected if the flow is ballistic.
Given the difficulties with a ballistic model, it seems most
likely that the unusual structure of NGC 6109 is due to an inter-
action. Further radio observations are required to investigate the
nature of this interaction.
7 SUMMARY
This study of NGC 6109 was undertaken in order to investigate how
low redshift radio galaxies within the 3CRR sample interact with
the external environment. VLA radio observations of this source
reveal a remarkable ‘doughnut’ component emitted on the oppo-
site side of the core to a relatively straight jet. No infrared, optical
or X-ray emission is associated with this unusual structure. Radio
polarimetry shows a complex magnetic field structure across the
doughnut, directed predominantly radial to the jet axis. In addition,
In addition, high RM structures are found for this component. We
summarise the conclusions of our investigation below:
(i) The morphology of the doughnut might be explained
ballistically provided the jet loses its integrity over the course of a
single loop (precession period). This could be due to an external
wind pushing against the component, which causes it to become
diffuse and sweep back along the direction of the main jet but the
absence of X-ray or optical emission suggests that the density of
the external gas is very low. The bright feature at ∼7 kpc along
the main jet is suggestive of an ejection event at the same time
as the doughnut. For the system to lie fully within the galaxy
atmosphere it must be at an angle > 35◦ to the line of sight, but
ballistic simulations find that the observed morphology requires
much smaller line of sight angles. VLBI observations of the core
may be able to detect proper motion associated with a binary black
hole system causing such precession, but the only evidence for
a ballistic model is the surprisingly circular morphology of the
doughnut, as seen at 0.8′′ resolution.
(ii) An interaction model where the path of the counter-jet
is disrupted due to the external environment is possible. A
simple hydrodynamical model would require a very light jet
(ρj/ρatm ∼ 2 × 10−5) to produce the tight doughnut structure.
The presence of strong RM structure to the south of the doughnut
suggests an enhanced density or field in that region. Optical
observations and H-α imaging would be useful to investigate
whether there is any line-emitting gas coincident with the RM
structure, which could lead to a deflection scenario similar to that
proposed for NGC 7385 (Rawes et al. 2015). In addition, RM
structure could be better discerned with lower frequency, high
resolution observations (e.g. by LOFAR).
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